Introduction {#S0001}
============

Gastric cancer (GC) ranks fifth in terms of commonly diagnosed cancer and represents the third cause of cancer-related deaths worldwide.[@CIT0001] For the lack of early diagnostic markers, most of the GC patients were confirmed at the locally advanced or metastasis stage.[@CIT0002] Radical surgery resection combined with perioperative chemotherapy remains the first line of treatment for GC, but the survival and prognosis of GC was still unsatisfying.[@CIT0003] Hence, it is urgent to identify novel predictive and prognostic biomarkers for GC and illuminate its molecular mechanism.

Long non-coding RNAs (lncRNAs) are defined as a group of non-coding RNAs molecules longer than 200 nucleotides. In recent years, lncRNAs have been implicated in the development of various cancer, including colorectal cancers, ovarian cancer and liver cancer, in which they might function as potential oncogenes or cancer-suppressor RNAs.[@CIT0004],[@CIT0005] Furthermore, emerging evidence proved that lncRNAs might act as a transcriptional or post-transcriptional regulator, by inducing epigenetic silencing, sponging microRNAs, or controlling RNA processing and stability.[@CIT0006],[@CIT0007] For example, lncRNA HOTAIR facilitates carcinogenesis in acute myeloid leukemia via epigenetic silencing of p15.[@CIT0008] MALAT1 enhances cell proliferation, migration and invasion in HCC by acting as a competing endogenous RNA (ceRNA) sponge for miR-142-3p.[@CIT0009] To date, numerous lncRNAs have not been clearly elucidated in cancers, whereas the involvement of LINC01089 in GC progression is our particular interest.

LINC01089, also known as LncRNA Inhibiting Metastasis (LIMT), is a non-coding RNA oriented from chromosome 12. Previously, LINC01089 was recognized as a cancer-suppressor in breast cancer. For example, Chen reported that ectopic expression of LINC01089 reduced migratory and invasive capacities of MCF10A cells.[@CIT0010] Similarly, Yuan et al provided evidence that LINC01089 blocked Wnt/β-catenin signaling and then suppressed cell proliferation, migration and invasion in breast cancer cells.[@CIT0011] Based on these studies, we hypothesized LINC01089 might be involved in GC and its potential regulatory mechanism should be investigated further.

Herein, we firstly analyze the relationship between clinicopathological characteristics and LINC01089 expression in GC patients. Next, we conducted functional experiments to identify the biological role of LINC01089 in GC cells. Finally, bioinformatics analysis and dual-luciferase reporter assays revealed that LINC01089 directly binds to miR-27a-3p, and therefore inhibited the carcinogenesis of GC. Altogether, our results reveal LINC01089 as a promising prognostic indicator and a novel therapeutic biomarker for GC patients.

Patients and Methods {#S0002}
====================

Patient Tissue Samples {#S0002-S2001}
----------------------

Our study comprised of a total of eighty pairs of GC tissue samples and their adjacent normal tissues from patients who had undergone a gastrectomy in Dongguan People's Hospital from 2009 to 2012 and had signed the informed consent voluntarily. All samples were histologically confirmed as gastric adenocarcinoma by two independent pathologists. Sample collection was in accordance with the requirements of the Ethics Committee of Dongguan People's Hospital and informed written consent was obtained from each patient.

Cell Culture {#S0002-S2002}
------------

Gastric mucosal cells (GES-1) and GC cell lines (AGS, BGC-823, HGC-27, MGC-803, MKN45) were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA). All cell lines were in Dulbecco's Modified Eagle Medium (DMEM; Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS;GIBCO, Grand Island, NY, USA) and were incubated at 37°C and with 5% CO~2~.

Cell Transfection {#S0002-S2003}
-----------------

The LINC01089 full-length sequence was synthesized and subcloned into a pcDNA3.0 vector (Invitrogen). The hsa-miR-27a-3p mimics were synthesized by RiboBio Co Ltd (Guangdong, China). Based on the manufacturer's protocol, Lipofectamine^TM^ 3000 reagent (Invitrogen) was used to transfect the LINC01089 plasmid or miR-27a-3p mimics into GC cells.

Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) {#S0002-S2004}
----------------------------------------------------------

Total RNA was extracted with TRIzol reagent (Invitrogen) and then subjected to reverse transcription and PCR reactions using Primescript reverse transcriptase (Takara, Kusatsu, Japan) based on the manufacturer's instructions. In the RT-qPCR assay, the expression levels of LINC01089 or miR-27a-3p were determined using PrimeScriptTM RT-PCR kit (Takara) or TaqMan MicroRNA Assays Kit (Applied Biosystems, Carlsbad, CA, USA). Relative gene expression was quantified when compared to internal control GAPDH or U6 using comparative CT method. Primer sequences were: LINC01089, Forward: 5\`-TTT CCC TGC CTG CCC TCC AG-3\` and Reverse: 5\`-CAG TTG TGC TCC AGC CTT CCA G −3\`; GAPDH Forward: 5\`-GGT GTG AAC CAT GAG AAG TAT GA-3\` and Reverse: 5\`-GAG TCC TTC CAC GAT ACC AAA G-3\`; miR-27a-3p, Forward: 5\`-GCA GTT CAC AGT GGC GGC TAA G-3\` and Reverse: 5\`-CCA GTT TTT TTT TTT TTT TGC GGA-3\`; U6 Forward: 5\`-CTC GCT TCG GCA GCA CA-3\` and Reverse: 5\`-AAC GCT TCA CGA ATT TGC GT-3\`.

Cell Growth Assay {#S0002-S2005}
-----------------

A Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) assay was performed in our study to evaluate GC cells' viability at the designated time interval based on the manufacturer's instructions. OD value was determined by a micro-spectrophotometer.

Transwell Assay {#S0002-S2006}
---------------

Cell migration and invasion were performed using Transwell chambers (8-μm pore size; Corning, NY, USA) with or without Matrigel (BD, San Diego, CA, USA) pre-coating, respectively.

GC cells were harvested and suspended in a serum-free medium. The cell suspension was added to the upper chamber, while a medium containing 20% FBS was added to the lower chamber. The non-migrated or invaded cells were removed. The remaining cells were fixed, stained with crystal violet and then observed under a microscope.

Western Blot Assay {#S0002-S2007}
------------------

Ice-cold RIPA buffer (Beyotime, Shanghai, People's Republic of China) was used to lyse the GC cell precipitations for protein extraction. Equal amounts of protein determined by a BCA Protein Assay Kit (Beyotime) were separated by SDS-PAGE and then transferred onto PVDF membranes. Ten per cent BSA solutions were incubated with the PVDF membranes to block the unspecific antibody. The membranes were incubated with the following primary antibodies: E-Cadherin, N-Cadherin, Vimentin, GAPDH. The next day they were incubated with an HRP labeled secondary antibody. After being rinsed with PBST, the protein bands were visualized using GeneSnap software on SynGene system (Cambridge, UK). The gray value was analyzed to determine the the relative expression of the target genes using GAPDH as an internal control.

Dual-Luciferase Reporter Assays {#S0002-S2008}
-------------------------------

293T cells were co-transfected with pmirGLO- LINC01089 -WT or pmirGLO- LINC01089-MUT plasmid, with miR-27a-3p mimics or miR-27a-3p NC by Lipofectamine^TM^ 3000 reagent. A dual-luciferase reporter assay system (Promega, Madison, WI) was used to detect the relative luciferase activity based on the manufacturer's protocol.

Statistical Analysis {#S0002-S2009}
--------------------

All data were obtained from three repeated experiments and were analyzed using IBM SPSS 20.0 software. Comparisons between the two groups and multiple groups were analyzed by Student's *t*-test and Chi-square test. *P*\<0.05 was considered statistically significant.

Results {#S0003}
=======

LINC01089 Is Down-Regulated in GC and Is Associated with Poor Oncologic Outcomes {#S0003-S2001}
--------------------------------------------------------------------------------

As [Figure 1A](#F0001){ref-type="fig"} has shown, LINC01089 was found at a low levels in GC tissue samples, when compared with adjacent normal tissues. Meanwhile, downregulation of LINC01089 accounted for 76.3% (61/80) of GC tissue samples ([Figure 1B](#F0001){ref-type="fig"}). According to the median of the relative LINC01089 expression, the selected GC patients were divided into high expression group and low expression group. Statistical analysis indicated that LINC01089 expression was tightly associated with T stage (*P*=0.0039), N stage (*P*=0.0036), TNM stage (*P*=0.044) and vascular invasion (*P*=0.003) ([Table 1](#T0001){ref-type="table"}). GC patients with accompanied with advanced T stage ([Figure 1C](#F0001){ref-type="fig"}, *P*=0.002), lymph node metastasis ([Figure 1D](#F0001){ref-type="fig"}, *P*=0.007), advanced TNM stage ([Figure 1E](#F0001){ref-type="fig"}, *P*=0.029), presence of vascular invasion ([Figure 1F](#F0001){ref-type="fig"}, *P*=0.009) or shorter overall survival ([Figure 1G](#F0001){ref-type="fig"}, *P*=0.022) exhibited considerably lower LINC01089 expression. Taken together, low expression of LINC01089 was identified in GC and was closely related to poor clinical outcomes of GC patients.Table 1Correlation Between LINC01089 Expression and Clinicopathological Features in Patients with Gastric Cancer (GC)CharacteristicsAll Cases (n=80)LINC01089 ExpressionP value^\#^Low CasesHigh CasesSex0.651 Male462224 Female341816Age (year)0.073 \<60421725 ≥60382315Tumor differential0.438 Well21813 Moderate271512 Poor and other321715T stage0.039\* Tis-T1311120 T2--T4492920N stage0.036\* N0291019 N1--N3513021TNM stage0.044\* I--II371423 III--IV432617Vascular invasion0.003\* Negative511932 Positive29218[^2] Figure 1LINC01089 is down-regulated in gastric cancer (GC) and is associated with poor oncological outcomes.**Notes:** (**A**) LINC01089 expression was analyzed by quantitative real-time polymerase chain reaction (RT-qPCR) in GC samples and adjacent normal tissues (n=80). **(B**) LINC01089 was significantly down-regulated in 76.3% (61/80) of GC patients. (**C**) LINC01089 expression was analyzed by RT-qPCR in two subset tissues (T stage Tis-T1 and T2-T4). (**D**) LINC01089 expression was analyzed by RT-qPCR in two subset tissues (N stage N0 and N1-N3). (**E**) LINC01089 expression was analyzed by RT-qPCR in two subset tissues (TNM stage I--II and III--IV). (**F**) LINC01089 expression was analyzed by RT-qPCR in two subset tissues (Vascular invasion Negative and Positive). (**G**) Correlation between LINC01089 expression and overall survival was determined by a Kaplan--Meier analysis.

Overexpression of LINC01089 Suppresses GC Cells Proliferation {#S0003-S2002}
-------------------------------------------------------------

Following the evidence that LINC01089 was downregulated in GC tissues, we next validated its biological impact in GC progression. Initially, the expression levels of LINC01089 was detect in a cohort of GC cell lines. Gastric mucosal cells was set as a control. The results showed that LINC01089 expression was down-regulated in GC cell lines compared with GES-1 cell lines ([Figure 2A](#F0002){ref-type="fig"}). Given that AGS and MNK-45 cell lines showed the lower LINC01089 expression, we then transfected an overexpression plasmid or an empty vector into these cells. RT-qPCR confirmed that LINC01089 was successfully overexpressed in AGS and MNK-45 cell lines with overexpression plasmid compared to the cells with empty vector ([Figure 2B](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}). CCK8 assay was performed to evaluate cell proliferation. The growth curve indicated that the growth ability of AGS and MNK-45 cells with LINC01089 overexpression was significantly weakened compared with the control cells ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}), indicating that overexpression of LINC01089 suppressed cell proliferation in GC.Figure 2Overexpression of LINC01089 suppressed gastric cancer (GC) cell proliferation.**Notes:** (**A**) LINC01089 expression analyzed by real-time polymerase chain reaction (RT-qPCR) in GC cell lines (MNK45, AGS, MGC-803, BGC-823 and HGC-27), and the immortalized intestinal normal cells (GES-1). (**B** and **C**) LINC01089 expression analyzed by RT-qPCR in MKN45 and AGS cells transfected with LINC01089 plasmid or empty vector. (**D** and **E**) Proliferative ability of MKN45 and AGS cells transfected with LINC01089 plasmid or empty vector was revealed by a cell counting kit-8 (CCK-8) assay. Optical density (OD) value analysis was presented. \*\*\**P* \< 0.001.

Overexpression of LINC01089 Inhibits GC Cells Migration and Invasion and Suspends Epithelial--Mesenchymal Transition Process in GC {#S0003-S2003}
----------------------------------------------------------------------------------------------------------------------------------

Our statistical analysis showed that GC patients with lower expression of LINC01089 are prone to have local lymph node metastasis and vascular invasion, which might contribute to the enhancement of GC cells metastasis. Therefore, a Transwell assay was performed to detect cell migration and invasion. Our data observed that increased AGS and MNK-45 cells were obvious in the LINC01089 overexpression group when compared to the empty vector group ([Figure 3A](#F0003){ref-type="fig"}--[D](#F0003){ref-type="fig"}), indicating that overexpression of LINC01089 inhibits cell migration and invasion in GC.Figure 3Overexpression of LINC01089 inhibits cell migration, invasion and regulates epithelial--mesenchymal transition (EMT) process in gastric cancer (GC).**Notes:** (**A**--**D**) Representative images of migrated and invaded MKN45 and AGS cells transfected with LINC01089 plasmid or empty vector were determined by a Transwell assay. A statistical analysis was presented. (**E**--**H**) Expression of E-cadherin, N-cadherin and Vimentin protein was detected by a Western blot in MKN45 and AGS cells transfected with LINC01089 plasmid or empty vector. A gray value analysis was presented. \*\**P* \< 0.01, \*\*\**P* \< 0.001.

Upon establishing the effect of LINC01089 in the regulation of GC cell migration and invasion, we investigated the underlying mechanism. Considering that the development of invasive and metastatic cancer always follows an epithelial-mesenchymal transition (EMT) process, we assessed the EMT phenotypic markers in GC cells by Western blot assay. The result revealed that overexpression of LINC01089 in AGS and MNK-45 cells increased the expression of epithelial-like phenotype (E-cadherin), accompanied by the reduction of mesenchymal phenotype (N-cadherin, Vimentin) ([Figure 3E](#F0003){ref-type="fig"}--[H](#F0003){ref-type="fig"}). These data suggested that LINC01089 might inhibit cell proliferation and metastasis by regulating the EMT process in GC.

miR-27a-3p Is a Direct Target of LINC01089 in GC {#S0003-S2004}
------------------------------------------------

Accumulated evidence has indicated that lncRNAs exerted biologic effects by interacting with miRNAs. To determine the molecular mechanism by which LINC01089 suppresses cell proliferation and metastasis in GC, we firstly acquired its underlying target miRNAs, using the Starbase.2. We predicted that miR-27a-3p might be a downstream target for LINC01089. Expression analysis showed that miR-27a-3p was dramatically up-regulated in GC tissue samples relative to normal samples ([Figure 4A](#F0004){ref-type="fig"}), and overexpression of miR-27a-3p accounted for 85% (68/80) of GC specimens ([Figure 4B](#F0004){ref-type="fig"}). Additionally, miR-27a-3p expression was elevated in the five GC cell lines ([Figure 4C](#F0004){ref-type="fig"}). A correlation analysis showed that the relative expression of miR-27a-3p was reversely correlated with LINC01089 in GC ([Figure 4D](#F0004){ref-type="fig"}). To verify the direct interaction between LINC01089 and miR-27a-3, we predicted their potential binding site ([Figure 4E](#F0004){ref-type="fig"}), and performed dual-luciferase reporter assays, in which we observed that only the miR-27a-3p mimics could repress the LINC01089-wild type-driven luciferase activity, but not the negative control mimic or the LINC01089-mutant-driven luciferase activity ([Figure 4F](#F0004){ref-type="fig"}). Our data suggested that miR-27a-3p might be a direct downstream target of LINC01089 in GC.Figure 4miR-27a-3p is a direct downstream target of LINC01089 in gastric cancer (GC).**Notes:** (**A**) miR-27a-3p expression was analyzed by real-time polymerase chain reaction (RT-qPCR) in GC samples and adjacent normal tissues (n=80). (**B**) miR-27a-3p was significantly up-regulated in 85% (68/80) of GC patients. (**C**) miR-27a-3p expression analyzed by RT-qPCR in GC cell lines (MNK45, AGS, MGC-803, BGC-823 and HGC-27), and the immortalized intestinal normal cells (GES-1). (**D**) Correlation between LINC01089 and miR-27a-3p expression was determined by Pearson correlation analysis. (**E**) The putative-binding site between LINC01089 and miR-27a-3p was predicted by bioinformatics analysis. (**F**) WT-LINC01089 or MUT-LINC01089 was co-transfected into 293T cells with miR-27a-3p mimics or miR-27a-3p negative control (NC). Luciferase activity was analyzed and normalized to Renilla activity. \*\*\**P* \< 0.001.

miR-27a-3p Is Critical for the Function of LINC01089 in GC {#S0003-S2005}
----------------------------------------------------------

To study whether miR-27a-3p mediates the anti-tumor function of LINC01089 in GC cells, we co-transfected the LINC01089 overexpression plasmid with miR-27a-3p mimics into the MNK-45 cells. The miR-27a-3p expression was confirmed by RT-qPCR assay ([Figure 5A](#F0005){ref-type="fig"}). We learned that miR-27a-3p expression was decreased in LINC01089 overexpressed MNK-45 cells, which could recover to a certain extent following the transfection of miR-27a-3p mimics. CCK-8 and Transwell assays demonstrated that LINC01089 overexpression-mediated inhibition of the cell growth and metastasis was partially rescued by co-transfection with the miR-27a-3p mimics ([Figure 5B](#F0005){ref-type="fig"}--[D](#F0005){ref-type="fig"}). A similar effect was also shown in Western blot detection on EMT-related markers. Increased E-cadherin expression and reduced N-cadherin and Vimentin expression was found in cells with co-transfection of LINC01089 overexpression plasmid with miR-27a-3p mimics, compared with the control cells ([Figure 5E](#F0005){ref-type="fig"} and [F](#F0005){ref-type="fig"}). Taken together, these results suggested that LINC01089 inhibited cell growth and metastasis occured by targeting miR-27a-3p in GC.Figure 5miR-27a-3p reverses the effects of gastric cancer (GC) cells with overexpression of LINC01089.**Notes:** (**A**) miR-27a-3p expression was analyzed by real-time polymerase chain reaction (RT-qPCR) in MNK45 with co-transfection of LINC01089 overexpression plasmid and miR-27a-3p mimics or miR-27a-3p negative control (NC). (**B**) Proliferative ability of MKN45 with co-transfection of LINC01089 overexpression plasmid and miR-27a-3p mimics or miR-27a-3p NC was revealed by a cell counting kit-8 (CCK-8) assay. Optical density (OD) value analysis was presented. (**C** and **D**) Representative images of migrated and invaded MKN45 and AGS cells with co-transfection of LINC01089 overexpression plasmid and miR-27a-3p mimics or miR-27a-3p NC was determined by a Transwell assay. A statistical analysis was presented. (**E** and **F**) Expression of E-cadherin, N-cadherin and Vimentin protein was detected by Western blot in MKN45 with co-transfection of LINC01089 overexpression plasmid and miR-27a-3p mimics or miR-27a-3p NC. A gray value analysis was presented. \*\*\**P* \< 0.001.

Discussion {#S0004}
==========

In recent years, high-throughput sequencing and bioinformatics technologies have made a great breakthrough. Mounting evidence showed that lncRNAs are identified as critical regulators in GC and their pathogenetic roles were widely investigated.[@CIT0012] In our study, we firstly report the aberrant expression of LINC01089 in GC. The RT-qPCR assay revealed that the expression levels of LINC01089 in the GC tissues were much lower than that in the adjacent normal tissues. A similar expression pattern was also observed in GC cell lines. Further statistical analysis indicated that patients with reduced LINC01089 expression exhibited malignant features and a shorter overall survival time, which is in agreement with previous ﬁndings for breast cancer and glioma.[@CIT0011],[@CIT0013] This evidence suggested that LINC01089 should be considered as a negative prognostic factor for cancers. Accordingly, we can preliminarily conclude that LINC01089 downregulation is associated with disease progression in GC and predicts an unfavorable outcome for GC patients.

Regarding that LINC01089 might act as a cancer-suppressor in GC, we introduced two GC cell lines with co-transfection with a LINC01089 overexpression plasma to study the exact functions of LINC01089 in this disease. Patients with advanced tumor stage and lymphatic metastasis were linked to lower LINC01089 expression, indicating the important role of LINC01089 involved in cancer growth and metastasis. Generally, cell growth and metastatic capacity functioned as an important indicator to determine the malignant feature of cancer. Proliferation and metastasis deficiency have been revealed in breast cancer cells following LINC01089 overexpression.[@CIT0011] In CCK-8 and Transwell assay, we also observed that LINC01089 overexpression led to marked repression on cell proliferation, migration and invasion in GC.

LINC01089 was also related to blood vascular invasion, which was revealed by our clinicopathological features analysis in a GC tissue cohort. Accumulated studies demonstrated that cancer cells escaped from primary location by transforming their phenotypic characteristics so that they could invade the vascular system.[@CIT0014] The changes were attributed to a key subsequence of EMT, which plays an essential role in cancer cell proliferation and metastasis abilities.[@CIT0015] LncRNAs have merged as positive or negative players in the regulation and induction of EMT in GC.[@CIT0016],[@CIT0018] For example, Zhou et al reported that SNHG16 promotes EMT via down-regulation of DKK3 in GC cells.[@CIT0019] Conversely, Wu et al demonstrated that HRCEG levels inversely correlate with EMT process by interacting with HDAC1 in GC.[@CIT0020] EMT enhances the metastasic potential of epithelial cells by the loss of their epithelial phenotype and the gain of mesenchymal characteristics.[@CIT0021],[@CIT0022] To further illuminate the regulatory role of LINC01089 in GC metastasis, we conducted a Western blot assay to determine the change of the EMT related marker. The results showed that apart from down-regulating Vimentin and N-cadherin, LINC01089 overexpression also increased E-cadherin expression, suggesting that LINC01089 is important for restraining EMT progression in GC.

Due to the cavernous mechanism, lncRNAs could directly impair the function of miRNAs, and therefore exert cancer suppression or cancer promotion effect.[@CIT0023],[@CIT0025] For example, Ren et al demonstrated that DDX11-AS1 may serve as an oncogene in GC progression by interplaying with miR-873-5p.[@CIT0026] Dong et al reported that the silencing of PCAT6 inhibits proliferation and EMT of GC cells by targeting miR-15a.[@CIT0027] Our bioinformatics analysis and luciferase reporter assays revealed that miR-27a-3p is a target of LINC01089. In addition, the expression of miR-27a-3p was enhanced in GC cells upon LINC01089 overexpression. Moreover, a negative relation between LINC01089 and miR-27a-3p was also found in the GC sample cohort. Notably, miR-27a-3p has been reported as an oncogenic non-coding RNA in GC by promoting GC cell proliferation *in vitro* as well as tumor growth *in vivo*.[@CIT0028] In another study in GC, miR-27a-3p was revealed to promote EMT by targeting NOVA alternative splicing regulator 1.[@CIT0029] In the present study, the introduction of miR-27a-3p mimics in GC cells reversed the inhibitory effect on cell proliferation, metastasis, and EMT process induced by LINC01089 overexpression. Taken together, our findings demonstrated the significance of the interaction between LINC01089 and miR-27a-3p in GC carcinogenesis, given that LINC01089 exerts a cancer-suppressing function partly via targeting miR-27a-3p in GC cells.

In conclusion, We have identified a novel cancer suppressor gene in the GC procession. We demonstrated LINC01089 was downregulated in GC tissues and contributed to GC progression. The key findings in our study demonstrate that LINC01089 could directly regulate the function of miR-27a-3p/EMT axis, which represents a mechanism by which LINC01089 inhibits cell proliferation, migration and invasion in GC. Collectively, we propose that LINC01089 targeting therapies underlines a beneficial way to treatGC patients.
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